
  
Abstract — Self-assembly is a pervasive phenomenon in life 

sciences but difficult to model due to the enormous number of 
possible reaction pathways they may use and our limited ability to 
distinguish them experimentally. Simulation methods offer great 
help for revealing possible assembly pathways, but depend on 
physical parameters that one cannot directly measure.  We address 
the problem of fitting kinetic rate parameters for rule-based 
stochastic simulations to indirect bulk measures of assembly in vitro. 
We find that methods based on derivative-free optimization (DFO) 
yields significant improvements in handling the special challenges of 
fitting self-assembly simulations relative to more traditional 
gradient-based methods.  We use simulated data to examine how fit 
quality varies by data source, finding notable improvement for 
time-resolved mass spectrometry (MS) over static light scattering 
(SLS). 
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I. MOTIVATION 
IRUS capsids have become key models for macromolecular 
assembly [1]. Unfortunately, we lack experimental methods 

to directly monitor fine-scale pathways of large, symmetric 
self-assembly systems like capsids.  Simulation methods have 
therefore been proven invaluable for exploring possible pathways 
and understanding how they contribute to such robust and 
efficient assembly.  Purely theoretical models, however, can only 
estimate ranges of possible pathways, not make conclusions 
about specific viruses, because their behavior is highly dependent 
on kinetic rate parameters that are not directly measureable. 

We have previously addressed these challenges by indirectly 
learning quantitative assembly models of specific capsids by 
fitting rule-based stochastic simulations [2] to experimental SLS 
measurements of bulk capsid assembly in vitro [3,4].  This 
approach made it possible to predict possible fine-scale assembly 
pathways of specific real capsids.  It also faced substantial 
challenges, though, due to computationally costly simulations, 
stochastic variation between trajectories, noisy experimental 
data, and degeneracy of possible solutions.  We have sought to 
address these problems with a paired strategy of seeking 
improved data-fitting algorithms and exploring alternative 
experimentally feasible data sources better suited for 
unambiguously learning assembly models from bulk assembly 
assays. 
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II. MODELING AND METHODS 
We develop rule models for viral capsid as in our prior work 

and simulate them by a spatial stochastic simulation algorithm.  
We then fit rate parameters to minimize root mean square 
deviation (RMSD) between data points generated by simulations 
and objective datasets. We have specifically explored the use of 
DFO [5] methods, using two examples of different DFO 
paradigms, multi-coordinate search (MCS) [6] and stable noisy 
branch and fit (SNOBFIT) [7], in addition to the heuristic 
gradient-based method used in our prior work. We have further 
examined alternative experimental data sources, particularly 
time-resolved MS, relative to the SLS used in most studies of 
capsid assembly kinetics to date.  We examine quality of fit for 
two real capsid systems, HPV and HBV, and an artificial 
tetrahedral test system, using a mixture of real and synthetic SLS 
and MS data. We evaluate methods by their ability to minimize 
RMSD on real and synthetic data and to recover true parameters 
for synthetic data sets. 

III. DISCUSSIONS 
Our results suggest DFO algorithms can yield substantial 

improvements over the fitting methods typically used for simpler 
reaction systems.  Likewise, newer technologies for monitoring 
bulk assembly can lead to more precise parameter fits thus better 
reconstruction of assembly pathways.  Productively combining 
state-of-the-art data fitting algorithms and experimental 
biotechnology can be expected to yield great advances in our 
ability to reveal detailed mechanisms of even highly complex 
self-assembly processes. 
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